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XMM-Newton observation of 4U 1543-475: the X-ray spectrum 
of a stellar-mass black-hole at low luminosity 
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Abstract. We report the results of an observation of the galactic black-hole binary 4U 1543-475 performed by XMM- 
Newton on 2002 August 18, about two months after the start of an outburst detected by RXTE. Despite the relatively low 
flux of the source, corresponding to a luminosity Lx ~ 4 x 10 34 erg s _1 ~ 10 -5 Ledd, we could obtain a good quality spec- 
trum thanks to the high throughput of the XMM-Newton EPIC instrument. The spectrum is well fit by a power law with photon 
index F= 1.9-2 without any evidence for iron emission lines or for thermal emission from an accretion disk. We could estimate 
an upper-limit on the disk bolometric luminosity as a function of the colour temperature: it is always lower than ~ 10 33 erg 
s , i.e. less than 10 % of the source total luminosity. Finally, we evaluated that the disk colour temperature must satisy the 
condition kT co i < 0.25 keV in order to obtain an acceptable value for the disk inner radius. 
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1. Introduction 

4U 1543-475 is a recurrent X-ray transient containing a 
blac k hole. It was d iscovered during an outburst in 1971 
Matils kvet all 



. Kitamoto et al 
2002 dPark eta 



972T) and observed in outburst again in 1983 



1984) in 1992 faarmon et all Il992l) and in 
2004| lKalemci etalJl2004 . In the decade- 



long quiescence periods the flux is lower than 0. 1 /iCrab, while 
the source bri ghtens by a factor greater than 2 x 10 7 in outburst 
jGarcia et alJl200l1) . In the latest outburst, between June and 
July 2002, the measured flux reached a peak value of 4.2 Crab 
in the 2-12 keV energy band, comparable to the peak intensi- 
ties o bserved in the three previous outbursts dTanaka & Lewinl 
1 1995b . The source light curve along the whole outburst showed 
the characteristic shape of the 'classic' X-ray novae, i.e. a fast 
rise to the outburst peak followed by an expo nential decay, with 
e-fold ing decay time of ~ 14 days dMc Clintock & R emillard 
2003). The spectrum was soft and dominated by the emission 
from the accretion disk: its continuum part was fit with a multi- 
colour disk blackbody (kT max = 1.04 keV) and a power-law 
(photon index T - 2.7). 

The optical counterpart of 4U 15 43-475, IL Lupi, has 
been classified as spectral type A2V dChevalier & Ilova iskv 
Il992h. During th e X-ray outbursts it brightens by ~ 1.8 mag 
Jvan Paradiis & Mc Clintock1ll995l) . but during the quiescent 
periods it was possible to perform detailed studies. This al- 
lowed to derive the orbital period P or h = 26.8 hr, the black- 
hole mass Mi = 9.4 ± 2.0Ajf Q , the secondary star mass 
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M 2 = 2.7 ± l.OM , the source distance d = 7.5 ± 10 kpc 
and the orbi t inclination i = 20.7 ± 1.0° dOrosz et al.lll998t 
IOroszl2003l) . 

Here we present the results of an XMM-Newton observa- 
tion obtained after the most recent outburst of 4U 1543-475. 
The spectrum obtained with the EPIC instrument has an un- 
precedented statistics for a galactic black-hole at this level of 
luminosity, allowing for the first time to investigate the spectral 
details of a black-hole binary approaching the quiescent phase. 



2. Observations, data reduction and spectral 
analysis 

4U 1543-475 was observed by XMM-Newton on 2002 August 
18, between 12:30 and 20:42 UT. The source was on-axis and 
the observation lasted about 29.5 ks. T he three EPIC cameras 
dTurner et alJl200lt Istrtider et alJl200ll) were all active during 
the observation: the PN, MOS1 and MOS2 instruments were 
operated in Small Window, Timing Uncompressed and Full 
Frame mode, respectively. For all of them, the Thin filter 1 was 
used. 

We used the version 5.4.1 of the XMM-Newton Science 
Analysis System (SAS) to process the event files. After the stan- 
dard processing pipeline of the data, we looked for possible 
periods of high background due to soft proton flares with en- 
ergies less than a few hundred keV. For the two MOS cameras 
this was done by inspecting the light curves of the events with 
energy above 10 keV detected in the peripheral CCDs and with 
pixel patterns from to 4. In this way, we selected only those 
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Table 1. Best-fit parameters for a power-law model in the case of the PN, MOS2 and PN+MOS2 data. 

Instrument Nh Photon Normalization at 1 keV ~£ dol fx (0.3-10 keV) a 

(-10 21 cm- 2 ) Index (ph keV' 1 cm" 2 s" 1 ) (erg cm" 2 s" 1 ) 

PN 3.6 ±0.2 1.92 ± 0.04 (9.9 ± 0.5) xl0~ 4 1.104 297 (3.7 ± 0.2) xlO" 1 ' 

MOS2 4.5 ±0.3 1.99 ±0.07 (11.2 ± 0.9) xl0~ 4 1.131 146 (3.7 ± 0.3) x 10 _l: 

PN+MOS2 3.8 ±0.2 1.94 ±0.04 (10.3 ± 0.3) x 10 -4 1.069 442 (3.7 ± 0.1) x 10 _1: 



NOTE - Errors are at 90 % c.l. for a single interesting parameter; "Absorbed flux 



background events whose high energy is distributed in one or 
two pixels at most, which presumably are due to low energy 
protons focused on the focal plane by the telescope mirrors. 
These light curves showed a large increase of the count-rate 
(up to a factor of ~ 40) during the last 10 ks of the observa- 
tion. We decided to use for our analysis of 4U 1543-475 only 
time intervals with count-rates below 0.7 cr 1 for this type of 
events, yielding an effective observing time of 19.9 ks. 

Since the PN camera was operated in Small Window mode, 
no data were taken with the peripheral CCDs. Therefore, the 
data cleaning was based on the events in the central CCD, with 
energies above 10 keV and pattern 1 . Also in this case we 
observed a large increase of the count-rate in the last part of the 
observation: we selected time periods with count-rates lower 
than 0.07 c s _1 , thus obtaining an effective exposure time of 
13.2 ks 2 . 

In order to study the temporal behavior of the source, we 
accumulated its PN light curve in the whole energy range 0.2- 
10 keV and in the two sub-ranges 0.2-2 and 2-10 keV, us- 
ing an extraction radius of 30". The corresponding background 
curves were extracted over the part of the CCD area not af- 
fected by the wings of the source Point Spread Function. The 
background-subtracted light curve in the whole energy range 
shows some variability. The light curve binned at 1000 seconds 
gives a reduced x^=2.6 when fitted to a constant value and 
shows variations up to ^30 % around the average level. The 
hardness ratio between the two sub-ranges is consistent with a 
constant value, indicating that no significant spectral variations 
took place along the observation. Therefore we performed a 
single spectral analysis on the whole set of data. 

For the PN spectra of both the source and the background, 
we considered the same focal plane areas used for the light- 
curves. We used the SAS software to calculate the applicable 
response matrix. The accumulated source spectrum was re- 
binned in order to have at least 30 counts in each energy bin. 
For the spectral analysis we used XSPEC 11.2.0. The source 
spectrum was fitted with an absorbed power-law model, in the 
energy range 0.3-8.5 keV: the best-fit parameters are reported 
in Tab.^ In Fig[T]we show the PN spectrum and the best-fit 
power-law model. 

Fits with simple thermal emission models provided unac- 
ceptable results. For example, with a bremsstrahlung model we 
obtained \1 = 1 -234, while a multi-temperature blackbody ac- 



1 the PN pixels are larger than the MOS ones; therefore, no multi- 
pixel events are expected by the soft-protons 

2 this is smaller than the MOS one due to the reduced live-time of 
the Small Window mode used for the PN 




channel energy (keV) 



Fig. 1. Comparison of the PN spectra of 4U 1543-475 with the 
best-fit power-law model. In the lower panel the residuals (in 
units of a) between data and model are shown. 

cretion disk (diskbb in XSPEC) gave xl = 1-907, always with 
297d.o.f. 

For the MOS2 camera 3 we applied the same source ex- 
traction radius of the PN camera (30"), while, thanks to the 
larger size of the MOS CCDs, we could accumulate the back- 
ground spectrum using a circular area of 2.5' radius. Also in 
this case the spectrum was rebinned with a minimum of 30 
counts in each energy bin and fitted over the 0.3-8.5 keV energy 
range. The fit with a power-law yielded a comparable photon- 
index but a higher hydrogen column density than the PN one 
(Tab.[Q. This discrepancy is likely due to the uncertainties still 
remaining in the calibration of the two instruments, especially 
at low energies ( Kirsch 2004). We also fitted the PN and MOS2 
data simultaneously, after including a systematic error of 5% 
in the spectral bins. Again a satisfactory fit was obtained with 
a power-law model (see Table [0 while thermal models gave 
worse x 2 values. 

In conclusion, although the exact value of the absorption is 
still subject to some uncertainty 4 , all our data point to a power- 
law spectrum with photon index ~2. In the following analysis, 
aimed to assess the possible presence of additional components 
in the spectrum, we will consider only the PN data, due to their 
higher statistics (^12000 source counts are detected in the PN 

3 we have not used the MOS1 data since the spectral response in 
Timing Mode is not yet well calibrated 

4 note, however, that this is one of the best measurements of Nh 
for this source obtained so far; our value is comparabl e with the value 
of (4.26±0.15)xl0 21 cm" 2 obtained bv lvan der Woerd et alj fl989) 
with EXOSAT data 
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Table 2. Upper limits (3 a confidence level) on the Equivalent 
Width of an emission line (gaussian model), at various energies 
and widths. 
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compared to ^5600 in the MOS2). We checked that similar 
results would be obtained using the MOS2 data, although with 
looser upper limits (usually a factor 2-5 times higher). 

To look for a possible Fe K Q emission line, we tried to im- 
prove the spectral fit by adding a gaussian component at four 
different fixed energies between 6 and 7 keV, with a between 
and 0.5 keV. In all the cases we found no evidence for it: the 
gaussian normalization was always consistent with zero. The 
upper limit on the line equivalent width is always below ~ 0.25 
keV at a 3 a confidence level (Tab.13. 

Although not formally required by the data, which are sat- 
isfactorily fit by the power-law model, we investigated the 
possible presence of an addition al multi-co lour disk emission 
(Mitsuda etaDll984 Makishima et alJll986l) . To this aim we 
added a disk blackbody component and obtained Nh = (4.4 ± 
0.7) x 10 21 cirr 2 , T = 1.94±0.05, K PL = (1.0±0.1) x 10~ 3 , 
kT co i = 0.16 ± 0.03 keV and K DBB = 141 ± 289 as best-fit 
parameters, with x 2 /d.o.f. = 325.5853/295. This result would 
imply an absorbed flux /£,s B 10 = 8.44 x 10~ 14 erg cm~ 2 s _1 
for the thermal component (i.e. ~ 2% of the total flux), but the 
large error on its normalization clearly demonstrates that this 
component is only marginally present. The F-test proves that 
the fit quality improves only at a 0.3 a level. 

We have therefore computed an upper limit to the disk 
emission component. This is shown in Fig.|2] where the upper- 
limit on the disk bolometric luminosity is shown as a func- 
tion of the colour temperature T co ; (assuming a source dis- 
tance d = 7.5 kpc). The power-law best-fit parameters imply 



an unabsorbed flux f x = (5.83 ± 0.29) x 10~ 12 erg cm~ 2 
s _1 in the energy range 0.3-10 keV, which corresponds to 
L x = (3.92 ± 0.20) x 10 34 erg s _1 . This means that any pos- 
sible disk contribution is well below 10 % of the total source 
luminosity. 

3. Discussion and conclusions 

The XMM-Newton data reported here were obtained just two 
months after the start of the source outburst observed by Rossi- 
XTE (RXTE) on MJD 52445 (2002 June 20). The source 
was monitored by RXTE during all this period: IPark et all 
(2004) analysed the data collected between MJD 52442 and 
52477 (i.e. before th e transition to the low-hard state), while 
iKalemci et al l J2004I) considered the data between MJD 52464 
and 52498 (i.e. during and after the transi t ion to the LH state). 
Both lPark etafl J2004I) and lKalemci et alJ 12004) used the sum 




0.2 
Tool (keV) 



0.4 



Fig. 2. 3 a upper-limit on the bolometric luminosity of the 
multi-colour disk as a function of the colour temperature. 



of a power-law and a multi-colour disk blackbody to fit the 
continuum part of the spectra, finding that the photon index de- 
creased from 3.85 (at the outburst peak) to 2.21 (just ~ 6 days 
before the XMM-Newton observation), while the temperature 
at the inner disk edge decreased from 1 to 0.35 keV. Using the 
best-fit parameters reported by these authors, we computed the 
2-10 keV fluxes as a function of time for the total emission and 
for the power law component only, which are shown in Fig[3] 
The last point in the figure indicates our XMM-Newton flux 
value, converted to the same energy range. Even if this flux 
is below the extrapolation of the last RXTE measurements, the 
plot shows that it is in general agreement with the overall de- 
creasing rate measured by RXTE. 




20 30 40 

Date (MJD-S2442.83 days) 



Fig. 3. X-ray flux observed by RXTE and XMM-Newton during 
the 2002 outburst of 4U 1543-475. The open circles refer to the 
total source flux, the crosses to the power-law component. The 
last point to the right is our XMM-Newton total flux 



The luminosity observed with XMM-Newton corresponds 
to ~ 1.5 x 10~ 5 of the Eddington luminosity, still well 
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above the typical quiescent level of BH can didates L q ~ 
Kr 8 - 5 L BDD JMc Clintock & Remillardil2003l) . where we as- 
sumed d = 7.5 kpc and M = 9.4 M Q . At the time of the XMM- 
Newton observation (i.e. two months after the outburst), 4U 
1543-475 was not yet in quiescence but still in the low-hard 
state, which is characterized by 1 .5 < T < 2. 1 and a power-law 
flux contribution higher than 80 % of the total flux. 

According to lKalemci et alJ {2004) some emission from an 
accretion disk is still required by the last RXTE spectra of 4U 
1543-475 obtained six days before the XMM-Newton obser- 
vation reported here. Their data cannot yield a disk tempera- 
ture for such a faint and soft component. Therefore Kalemci 
et al. fix it at the value of 0.35 keV. Assuming d=7.5 kpc 
and i=21°, for such a temperature our upper limit on the disk 
blackbody normalization corresponds to a disk colour radius 
of 0.08 R g (where R g = GM /c 2 is the BH gravitational ra- 
dius). The value of r co i obtained from the best fitting procedure 
of the multi-colour disk blackbod y model systematically un- 
derestimates the act ual disk radius ( Shimura & Takahara 1995; 
iMerloni et alJl200oT) . In fact r in = 77 x g x f£ ol x r co /, where 
77 = 0.6-0.7 is the ratio between the inner radius and the ef- 
fective radius (i.e. the radius at which the temperature of the 
disk peaks), g = 0.7-0.8 takes into account the general rela- 
tivistic corrections and / co ; = T co i/T e ff is the spectral hard- 
ening factor, whose value can be about 3 for low accretion 
rates. If we consider the maximum value for all the parame- 
ters, from r co i = Q.08R g we obtain rj n ~ 0AR g . This value 
is incompatible with the innermost stable circular orbit around 
a black-hole, which is Risco = 6i? n for a Schwarzs child BH 
and Risco = R g for a Kerr BH ( Sh apiro & Teukolsk\ll98l . 
Note that the same would be true for lower normalizations at 
the same temperature. Only for disk temperatures kT co i < 0.25 
keV our normalization upper limits give acceptable values for 
the inner disk radius. For example, for kT co i = 0.2 keV we ob- 
tain r co i = QA3R g , which corresponds to rj„ ~ 2.2R g . A 
similar conc lusion was noted in a short report on this XMM ob- 
servation by iMiller et alJ J2003I) . but contrary to these authors 
we do not find a significant improvement by the inclusion of 
the disk component in the fit to the spectrum of 4U 1543-475. 

In conclusion the observation reported here provides one 
of the best quality spectra for a black hole X-ray binary ac- 
creting at a low level, but still far from the quiescent state. The 
featureless power law energy spectrum does not give any evi- 
dence for the presence of an accretion disk. If a disk is present, 
it is constrained to have a luminosity of (2-30)xl0 32 erg s _1 
and a temperature smaller than 0.25 keV. This is an interest- 
ing result since little is known on the possible presence and 
the properties of accretion disks around black-holes at these 
relatively low luminosities. Even if a multi-colour disk is not 
strictly required in the hard state from the theoretical point of 
view, there are some arguments in favour of it: on one hand, 
most common accretion models foresee the presence of a disk 
with a large (i.e. > lOOf?,,) i nner radius JEsin et alJll997t 
iMc Clintock & Remillardll2003h : on the other hand, a soft X- 
ray excess, which can be modeled with a la rge and cool accre- 
tion disk, has been ob served in GX 339-4 JWilms et aljfl 999) 
and XTE Jl 118+480 iMc Clintock etai]l200lt iFrontera et alJ 



l2003t) . albeit at higher luminosities than that reported here for 
4U 1543-475. 
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